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The Effect of Post-Deposition Plasma Treatment on The
Electrical Characteristics of HfFO, MOS Structure

Student : Hsing-Hui Yeh Advisor : Dr. Kow-Ming Chang
Dr. Cheng-May Kwei

Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University, Hsinchu, Taiwan

ABSTRACT

When the MOSFET gate insulator is scated below 1.5 nm, some serious problems
such as direct electric tunneling will‘oceur. Therefore, high dielectric constant material is
very desirable to replace SiO,. Hafnium oxide is a most promising material for future
MOSFET gate oxide applications. In this study, we used Al-HfO,-Si MIS capacitor as
our analysis device. First, we used DC sputter system to deposit hafnium metal and then
proceeded with furnace under oxidation at low temperature to prepare HfO, thin film.
After oxidation process, we had an additional plasma treatment with N, N,O, or O,
plasma for different process durations. The electrical characteristics of the film under
different oxidation conditions were discussed by C-V and I-V curves. Moreover, the
SIMS (Secondary lon Mass Spectrometer) profile was also analyzed. The reliability of
the film under different plasma treatment conditions were discussed by hysteresis effect,
SILC ( Stress Induced Leakage Current ) profile, CVS ( Constant Voltage Stress ) test,
and Qgp ( charge-to-breakdown ) distribution. Among these conditions, the sample
treated by N, plasma for 1 minute represents the largest capacitance ( 50% increasement ),

lowest leakage current ( 2 order reduction ), and excellent reliability. Since the N, plasma



treatment can suppress the the formation of interfacial oxide between the high-k/Si
interface, the capacitance of the high-k dielectric can take advantage from the N, plasma
treatment before the plasma damage occur. On the contrary, the N,O and O, plasma can
improve the interface characteristics in short period, the property that they are easy to
form an additional oxide layer in the high-k/Si interface will degrade the dielectric’s

capacitance when compared with N, plasma treatment
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Chapter 1

Introruction

1.1 Background

According to the famous "Moore’s Law”, proposed by Gordon Moore in 1965,
which states that the number of transistors on integrated circuits doubles every 18
months, pursuing better performance with lower cost is needed. For decades, the
progress in the IC industry miere or less follows this law. On the other
word, "Moore’s Law” is the -basis for thesoverwhelmingly rapid growth of the
computing power. In order to-achieve-the-goal, the scaling down of the device

dimension is an inevitable tendency:

In terms of the first order current-voltage relation, the driving current of a

MOSFET can be given as
1 W
| oot = _Cg:un _(Vss -V, )2 (1.1)
2 Lq
C, = k&, tA (1.2)

Where Vgs is the applied gate to source, L is the effective channel length, W

is the channel width, V, is the threshold voltage, p, is the mobility for electrons, C, is



the gate capacitance, k is the dielectric constant, g, is the permittivity of free space
and t,y 1S the electrical film thickness. From the formula, we know that with
reduced threshold voltage, smaller effective channel length, and increased gate
capacitance as well as gate-to-source voltage, the device can achieve better current
driving ability. Of course, it can also have higher device density, which means a better
performance and much more transistors on the chip. However, a large Vgs will
degrade the reliability while too small V; will result in statistical fluctuation in
thermal energy at a typical operation circumstance of up to 100°C. So a bigger C, and

shorter Legwill be needed to maintain device performance.

1.2 The Need to Use High-k Dielectric

Over the past 30 years, SiQ,has servedats tole as a perfect gate dielectric, and
has been scaled down from a' thickness—-of.100nm to 1.2nm at 90nm process
technology node today, in order to gain a large C, and a higher density. In 1999,
Schulz in Nature predicted that, in order to keep up with the roadmap goal, in 2012
the thickness of gate oxide is slated to scale down to Inm, which represents only five
silicon atoms thick ( see Fig 1-1 ) [1]. Thus the direct tunneling current which
depends strongly on film physical thickness will increase to an unacceptable range,

resulting in a high power dissipation and heat .we can see the machine from(1.3).

_2maé (1.3)

We can see from Fig. 1-2, Lo et al. find that the gate oxide can be scaled down to



2
2nm before exceeding the limit of 1A/cm from the viewpoint of allowable stand-by

power dissipation. Below 2nm, however, the oxide tunneling current will quickly
becomes problematic. For easily sensing the seriousness of leakage problem: as SiO,
thickness is reduced, leakage current increases exponentially (~10x/2A)[2]

On the other hand, we can take the view of Roadmap of gate dielectric. Fig. 1-3
shows the high-performance logic scaling-up of gate leakage current density limit and
of simulated gate leakage due to direct tunneling. In 2006, the EOT ( Effective Oxide
Thickness ) is about 1.1 nm and the leakage current density of the oxynitride is below
the leakage limit line. However, after 2008, the EOT is below 1.0 nm and the
oxynitride is incapable of meeting the limit on the gate leakage current density. Fig.
1-4 shows the low operating power (LOP) scaling-up of gate leakage current density
limit and simulated gate leakage.due, to direct-tunnéling. In 2006, the EOT is only 1.3
nm but the leakage current dénsity of the oxynitride is still below the limit line
because the application of high-performance‘logic could endure larger gate leakage
current. However, after 2010, the oxynitride ‘couldn’t be used for high-performance
logic anymore. Fig. 1-5 shows the Low Standby Power scaling-up of gate leakage
current density limit and simulated gate leakage due to direct tunneling. About this
case we can notice that the oxynitride couldn’t be used for Low Standby Power device
anymore after 2007. Table 1-1 is the roadmap of 2004 ITRS (International
Technology Roadmap for Semiconductor) for the high-performance logic technology.
After 2008, the requirement of EOT even reduces to less than 1 nm. It would be a big
challenge because the leakage current is too large to be acceptable for SiO, under
such a thin thickness

Because the leakage current is related to the physical thickness of the gate oxide

from (1.3), we can notice that if we make the gate dielectric thicker and still maintain



the same Cg value, the leakage current problem would be solved. This is mean that

there will be a new material to replace traditional SiO,gate dielectric. In order to

maintain the same C value, (1.2) can be rewritten as follows:
g

¢ _ khigh—k _ khigh—k ¢

high-k — k eq 3.9 eq

(02

(1.4)

where the teq term represents the theoretical thickness of SiO,. So by increasing
the gate dielectric constant, the same equivalent oxide thickness can be obtained with
a thicker physical thickness, which can reduce the gate leakage current (i.e., direct
tunneling), without sacrificing the performance. Consequently, SiO,gate dielectric

needs to be replaced by the material- with high dielectric constant.

1.3 The Choice of High-k-Materials

High-k gate materials can maintain the same EOT with thicker physical
thickness, and is therefore expected drastically reduced direct-tunneling current. From
Figl-6, the increased physical thickness significant reduces the probability of
tunneling across the insulator, and hence, reduces the amount of off-state leakage
current density. [3]

The relationship between dielectrics constant and thickness is followed:

EOT — kﬂx Xt high—k
high—k
(1.5)

There are many potential candidates for replacing SiO,, such as HfO,, ZrO,,



AlLO3, Ta;Os and so on. Which one will emerge as the winner for replacing the silicon
dioxide? Since over the past three decades, Si0; has served as an ideal gate dielectric,
its several advantages, such as being amorphous phase through the whole integration
processing, high quality interface, and good thermal stability, can indeed serve as a
good guide of choosing high-k material. So, an ideal gate dielectric should meet the

following requirements below:

1.3.1 Physical Properties

(a) Thermodynamic stability in direct contact with silicon,

Preserve capacitance of gate stack after processing.

(b) Film morphology (amorphous) and stable process compatibility,

In the VLSI process,.the thermal budget is an important concern since
high temperature changes dielectric-phase. Once the gate dielectric material
has transformed to polycrystalline from amorphous phase, the large grain
boundaries would serve as leakage path, and induce large leakage current.

(c) Suitable high k value (12~60),

A suitable k value is indispensable. Those with not enough high k value
could not satisfy (1.3) to lower the leakage by increasing physical thickness.
While those with too high a k value, in general, would suffer from thermal
stability issues and larger fringing field.

(d) Wide bandgap with conduction band offset > 1eV,

It is found that most of the high-k materials do not have wide enough
bandgap. In contact with silicon and gate electrode, the bandgap is closely
related to the barrier height for carrier transport. Too low a bandgap will lead
to intolerably high gate leakage (leakage current ~exp(-/AE,)) [4].

5



(e) Gate material compatibility
Materials such as metal gate, and metals have been considered for better

controllability and better performance.

1.3.2 Electrical Properties

(a)Low interface state density (Dj< 5x1010/cm2-eV_1), and Si0,-like mobility,
The interface would affect the carrier mobility in the channel, and from
(1.2), mobility degradation is related to poor current drivability. In high-k,
there are so many sources that would reduce mobility, such as fixed charge,
remote phonon, interfacial dipoles, remote surface roughness, surface
roughness and phase separationierystallization. And most of them can be
avoided by improving process technology.
(b) Tiny<Inm,
3 2
(c) J<I0 A/lem @ VDD,
(d) Vgg and hysteresis < 20mV,
(e) No C-V dispersion,
() Reliability issue.
To serve as a new gate dielectric, we must also take into consideration
electrical reliabilities, such as stress-induced leakage current (SILC), time
dependent dielectric breakdown (TDDB), hot carrier aging, bias temperature

instability and charge trapping issues [5].

1.3.3 The Reason Why We Choice HfO,



There are many kinds of high-k materials, including Al,O;, Y,03, Ta30s, TiO,,
Zr0O, and HfO, etc. Table 1-2 lists basic characteristics of several high-k dielectrics.
Unfortunately, many high-k materials such as Ta,0s, TiO,, SrTiO;, and BaSrTi0; are
thermally unstable when directly contacted with silicon [6] and need an additional
barrier layer which may add process complexity and impose thickness scaling limit.
Also, materials with too low or too high dielectric constant may not be adequate
choice for alternative gate dielectric application. Ultra high-k materials such as STO
or BST may cause fringing field induced barrier lowering effect. [7] Materials with
relatively low dielectric constant such as A1,0; and Y,0O3 do not provide sufficient
advantages over SiO; or Si3Ny [8].

Among the medium-k materials compatible with silicon, oxides of Zr and Hf are
attracting much attention recently..Especially, Hf forms the most stable oxide with the
highest heat of formation (AHf= 27l Kcal/mol) among the elements in IVA group of
the periodic table (i.e. Ti, Zr, Hf). Unlike-other silicides, the silicide of Hf can be
easily oxidized [9]. HfO, possesses a:dielectric' constant of up to 25 [10], a large
bandgap of 5.7 eV with sufficient band offset of larger than 1.5 eV [11], and well
thermal stability in contact with silicon [12]. Fig 1.7 shows HfO, is the most suitable
material about the struggle between dielectric constant and bandgap. HfO, is very
resistive to impurity diffusion and intermixing at the interface because of it’s high
density (9.68 g/cm3) [13]. In addition, HfO, is the first high-k material showing
compatibility with polysilicon gate process [14]. These properties make HfO, one of

the most promising candidates for alternative gate dielectric application. [15]

1.4 The Challenges of High-k dielectrics

Recently, HfO,-based insulator = become promising candidates for the

7



generation of sub-1.5-nm gate dielectrics. Although several groups have demonstrated
in recent years the excellent electrical properties of MOS capacitors featuring
HfO,-based gate dielectrics, [16~18] there still remain many challenging issues, such
as the exists of the interfacial layer which causes the C value lower and degrades the
mobility [18] in MOSFET devices. Besides these, traps in high-k gate dielectrics have
been demonstrated as another issue of concern because their presence can cause
threshold voltage instability [20 common 21] and a degradation in their reliability [22],
such as hysteresis caused by charge-trapping [23]. It is investigated that the reasons of
threshold voltage instability likely be Fermi-level pinning [24].The results indicate
that pinning occurs due to the interracial Si-Hf bonds for HfO,. Finally, the high
temperature of activation process introduce to thermal stability problem. For example,
crystallization may let leakage current issue become worse because of providing

leakage path. In brief, we summarize the challenge if-High-k dielectrics as below:

(a) extra interfacial layer growing lower the Cvalue

(b) the degradation of mobility

(c) threshold voltage instability and hysteresis issue

(d) charge-trapping issue

(e) thermal stability problem

In a word, High-k dielectrics although provide a low leakage current and

satisfied C value, but the reliability issues can not be ignorable. So, it needs some

8



treatments to overcome these problems.

1.5 Plasma Nitridation

According to traditional view of improving SiO, device performance, we can
find that nitridation is a common method to improve the interface. [25] Property with
the result that there is often Nj; or Dj in the interface, imperfect bonding of interface
often makes the characteristic of the device deteriorate. Such as charge will be trapped
by the defects of the interface, it produce flat band voltage shift and also reduce
mobility. Another shortcoming is that these dangling bonds will easily bond with
oxygen atom in the following high temperature environment. The extra chemical
reaction will let the interfacial oxide growth, and it will reduce the C value because of
the lower dielectric constant. Moreover, the-quality of interfacial layer formed by

oxidation is worse, and there still will.be-the-more problems of charge trapping.

In order to solve these problems, nitridation treatment can let the atom of
nitrogen bond with these dangling bonds and fix it while entering the interface layer,
and then improve the stability and reliability of interface. Consequently, nitridation

treatment is a workable solution to improve interface quality

As we note before, the question about using high-k materials to replace SiO; is
that there are too many defects in the interface to cause reliability degradation.
Therefore, when we use high-k materials, it is consider that nitridation treatment is a
more suitable way to improve reliability and thermal stability of device. These kind of
treatment have already used in some relevant references. [26] [27] Among them,

someone take nitridation treatment at high temperature, others take so-called plasma

9



nitridation . According to [28], we can understand that the effect of plasma nitridation
is better than thermal nitridation. The reason is that high-k materials are afraid of high
temperature. As long as the temperature reaches certain degree, we can see
phenomenon of crystallization. The crystallization of dielectric will raise leakage
current substantially, because it offers the path of leahage. On the other hand, the
meaning of plasma nitridation is to activate the source gas first. The high activation
energy of radical will provide better mend which is better than nitridation at high

temperature. For all these reasons, we adopt plasma nitridation in present experience.

1.6 Thesis Organization

Following chapters in the thesis are primarily.organized as follow :

In chapter 2, we make a-description of experimental details. DC magnetron
sputtering system is used to deposit hafnium-on-silicon surface.

In chapter 3, we discuss the characteristics of ultra-thin HfO, insulator by
Metal-Insulator-Semiconductor (MIS) capacitors.

In chapter 4, we discuss the reliability of ultra-thin HfO, insulator by
Metal-Insulator-Semiconductor (MIS) capacitors.

In chapter 5, we make the conclusions for this thesis and provide some

suggestions for future work.
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Chapter 2

Experiments of Al/HfO,/Si MIS Capacitor

2.1  MIS Capacitors Fabrication Process

In this thesis, AI/HfO,/Si MIS capacitor were fabricated to study ultra thin HfO,
gate dielectrics. Figure 2-1 shows the fabrication flow of this experiment. The starting
wafer was four inch (100) orientated p-type wafer with boron doped . It was one side

polished and its resistivity was 5~10 ohm-cm.

After standard initial RCA: cleaning,-wafers were put into chamber and grew a
hafnium layer with DC magnetron sputtering system. The thickness of as-deposit
hafnium thin films was 20 A which was read by the sensor inside the sputtering
system. During sputtering, chamber pressure was maintained around 7.6 10~ torr and
the flow rate of Ar was 24 standard cubic centimeters per minute (sccm).
Subsequently, samples were oxidized in furnace system at 400 C for 15 minutes with
oxygen flow rate 5000 sccm. The reasons why we adopt this two-step method to

prepare HfO, films will be shown at the next section 2.2.

After the HfO, films were prepared, some samples were subjected to an
additional plasma treatment at the substrate temperature of 300 ‘C while the pressure
was 100 mTorr and the plasma power was 1 W/cm®.The plasma treatment conditions

were in pure Ny, N>O, or O, plasma for 10 second, 30 second, 1 minute, 3 minute, or

11



5 minute respectively and the flow rate were 100 sccm. After that, pure aluminum

films were thermally evaporated on the top side of wafers.

Mask defined the top electrode. Then, we used wet etching to etch undefined Al

and HfO, films. After patterning, backside native oxide was stripped with diluted HF

solution, and Al was deposited as bottom electrode. The detailed fabrication process

flow was listed as follows.

1. Initial RCA cleaning.

2. DC magnetron sputtering hafnium 20 A.

3. Thermal oxidize hafnium in furnace in an O, ambient at 400 C

for 15 minutes.

4. Plasma treatment with N,, N,O, or O, plasma for 10 second, 30 second, 1 minute, 3

minute, or 5 minute respectively

5. Thermally evaporate 5000 A aluminum as top electrode.

6. Mask : define top electrode and then wet etch undefined Al and HfO, films.

7. Strip backside native oxide and coat 5000 A aluminum as bottom electrode.

After the AI/HfO, /Si MIS capacitors were prepared, we used semiconductor

12



parameter analyzer (HP4156A) and C-V meas urement (HP4284) to analysis electric
characteristics (i.e. I-V, C-V, EOT, leakage current density etc.). Then we tested their
reliability, including stress induced leakage current (SILC), constant current

stress(CCS), constant voltage stress (CVS), Hysteresis effect.

2.2 Sputtering System

There are various methods to prepare high-k thin films, such as chemical vapor
deposition (i.e. ALCVD, MOCVD, PECVD etc.) [29] [30] [31] and physical vapor
deposition (i.e. Sputtering, PLD etc.) [32]. About HfO, films, the usual methods are
ALCVD, MOCVD and Sputtering. Comparing with these methods, we choice
sputtering system to despite HfO,.films because the advantages of the DC magnetron
sputtering are simple and cheap: In.addition, the HfO, film prepared by CVD system
easily contains organic impurities ‘and-oxygen vacancies inside. This will cause
leakage current through Frenkel-Pool effect-or trap assisted tunneling [33]. Less
contaminants are produced by the process of the sputtering because there are no other
unnecessary chemicals. However, the uniformity of the DC sputtering is worse than
that of the ALCVD and the MOCVD in 12 inch diameter Si wafer. Further, sputtering
in an O, ambient easily produces SiO2 interfacial layer. Therefore, we decide to
sputter Hf in an Ar ambient only. After pure hafnium has been deposited on Si
substrate, we put the wafer into furnace system with O, ambient at low temperature
for oxidation. At some low temperature ( 400°C ), Si will not react with O, to form
the SiO,. Then, the HfO, film is prepared without SiO; interfacial layer.

Four inch high purity hafnium target was used to deposit thin film by DC
magnetron sputtering system. The sputtering conditions were as follows. In the DC

sputtering process chamber, the wafers were mounted on a face-down holder which
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can rotate during deposition to increase film uniformity. The system was pumped
down to 2x10® torr first. This process made the chamber clean enough and thus
decreased the impurity of the deposited hafnium film. Then the deposition pressure
was controlled at 7.6 x10~ torr. Before started to deposit hafnium, the surface of the
hafnium target was treated by low power pre-sputtering cleaning for ten minutes. The
inert gas source was argon (Ar) and its flow rate was 24 sccm. It has heavy atomic
weight and could be served as a heavy iron to knock down the hafnium atoms on the
target surface. Therefore, the hafnium atoms could be sputtered onto the wafers. The
thickness of the deposited hafnium was read by the sensor inside the sputtering
system. Then, the oxidation process of hafnium was performed by furnace system.
The DC magnetron sputtering power was set at 100 W and the corresponding

deposition rate was 0.2 A/s. The thickness of hafaium films was 20 A.

2.3 Furnace System

After hafhium had been deposited on silicon, we need an oxidation process to
make it become hafnium dioxide. These Si wafers deposited with hafnium films were
immediately loaded into furnace tube just as the sputtering process was finished. To
start with, the tube temperature was set at 400 ‘C and sufficient N, gas was purging
continuously. After the tube temperature was stable in five minutes letter, N, gas was
closed and O, gas was introduced. The oxygen gas flow rate was set at 5000 (sccm).

We provided sufficient oxygen gas and proper time to oxidize these films.

2.3 Plasma treatment system

When the oxidation process of hafnium performed by furnace system was
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finished, some samples were subjected to an additional plasma treatment in order to
improve the electrical properties of gate dielectric. There were various source gas and
process time which were N, N,O, or O, plasma for 10 second, 30 second, 1 minute, 3
minute, or 5 minute as the experiment conditions. Parallel plate high-density plasma
reactor employing an ICP source was a single-wafer treated and computer-controlled
system.

Fig. 2.2 illustrates ICP system that was used in this experiment. 13.56 MHz RF
power was coupled to the top electrode through a matching network. After the sample
load to reactor, the system was pumped down to keep the chamber clean enough.
Subsequently, the source gas was become radical by the plasma system, as the
chamber pressure was 100 mTorr and the substrate temperature was 300°C so that to
achieve the goal of low temperature process. The'power of working plasma was kept
constant at 1 W/cm® and the flow rate of souree gas was 100 sccm. While the process
of plasma treatment was finished, these samples were brought to deposit Al for metal

gate immediately because the effect:of plasma treatment would be decrease probably.
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Chapter 3
Electrical Characteristics of AI/HfO2/Si MIS

Capacitors

3.1 Capacitance-Voltage Characteristics

In order to measure the C-V characteristics of our MIS capacitors we used
HP2484A LCR meter in our experiments. We swept the gate bias from inversion
region to accumulation region to obtain the cupve at the frequency of 10 kHz. There
are three kinds of plasma treatment with different source gas ( i.e. Ny, N,O, and O, )
and they were treated for different process time ( i.e. 10 sec, 30sec, 1min, 3min, and 5
min). Firstly, the relationship of: difference process time in one kinds of plasma

treatment will be discussed. Then compare with the effect of different source gas.

Fig. 3-1 reveals the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with N, plasma treatment for different process time. The capacitor
treated for 1 minute shows the maximum capacitance among these conditions of
process time. In addition, the capacitor treated for 10 second and 30 second both show
the good C values which are larger then the capacitor with the condition of no
treatment. This phenomenon indicates that the N, plasma treatment was workable to
improve the capacitance. Maybe it is caused of the intensifying of the interface
structure or high-k bulk itself. The growing of interfacial oxide has also been

restrained. On the other hand, the capacitance treated for 5 minute is very low and it is
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even lower than the no-treated sample. It is seems that the plasma damage occur and
then destroy the structure of high-k capacitance when the duration of plasma
treatment is too long. The degradation of capacitance also can be found at the case of
3 min-treatment time, although the C value is still larger then the case without plasma

treatment.

Fig. 3-2 shows the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with N,O plasma treatment for different process time. Just like the
group of N, plasma treatment. The improvement of capacitance and the damage cause
by excessive plasma treatment both can be seen. At this condition, the capacitance
treated with N20O plasma treatment for 10 second shows the largest value. Then, the
capacitance becomes worse and worse with the increase of the treatment time. By the
way, the samples besides 3 min-and 5 min all perform well about larger capacitance
then the sample without treatment. It.is indicated that N,O plasma treatment is also a
practicable method to improve the+capacitance-voltage characteristics of HfO, gate

dielectrics.

Fig. 3-3 shows the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with O, plasma treatment for different process time. The
experiment of plasma treatment only with oxygen radical is wanted to see if it is still
existed the improvement of capacitance, even if without nitridation. Consequently, it
is shown that the capacitors treated for 10 sec and 30 ses have larger capacitances
than the no-treated sample, especially for 30ses provided the maximum capacitance.
Take the view of 1min condition, its capacitance has begun lower than the sample
which is no treated. As the same time of lmin conditions, the other kinds of

treatments still remain good capacitances then no-treated sample. So it can be know
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that there are some reasons besides plasma damage occurred at the condition of Imin
treatment. It is suggested that plasma treatment with oxygen radical may cause
additional oxidation followed by repairing of the interface structure. Because the
interfacial oxide provides lower k value, the total capacitance was be effected and

become lower.

Fig. 3-4 shows the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with N, plasma treatment for 1 min, N,O plasma treatment for 10
sec, and O, plasma treatment for 30 sec. It is indicated that the capacitance treated
with N, plasma treatment for 1 min shows the most excellent value ( i.e. 50%
increasing about capacitance). Among these samples, the capacitance treated with O,
plasma treatment is the worst because the growing of interfacial oxide is unavoidable
while the oxygen atoms become, radical and enter-the interface. Besides this, the
reason why the sample treated with-NoO-plasma-has lower capacitance then N,
plasma treatment is complex.

It is may be the growing of interfacial oxide made the capacitance degradation. Thus,
the capacitance improvement by interface repair was easily eliminated by the
interfacial oxide which has lower k value. So, the capacitance becomes degradation

when the process time only exceeds 10 second.

3.2 Current-Voltage Characteristic

Fig. 3-5 shows the J-V characteristics of p-type HfO, capacitors treated by N,
plasma with different process time from 0 V to -1 V. We observed that the gate

leakage current density is suppressed while treatment conditions are 10sec, 30sec,
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Imin, and 3 min. It is indicated that N, plasma treatment supply an effective barrier
against the leakage current. The lower leakage shows that the weak structure of
interface must be fixed by the plasma nitridation, especially for 1 min capacitor which
both has the lowest leakage and largest capacitance value from Fig. 3.1. Gate leakage
current density of no treatment insulator at VG = 1 V is about 3.25x10° A/cm®. From
fig.3-5, however, gate leakage current density of the capacitor treated for 1 min N2
plasma at VG = -1 V is only about 1.35x10™ A/cm?. It has less gate leakage than no
treatment insulator about 2 orders. Furthermore, we notices that the 3 min capacitor
although has little leakage, its capacitance has become degradation. This is an
interesting phenomenon. Even though the plasma damage has begun to reduce C
value, the amount of leakage current is still kept very well. It means that the

capacitance value is more easily affected by plasma damage than leakage current.

Fig. 3-6 shows the J-V characteristics-of-p-typeHfO2 capacitors treated by N,O
plasma with different process time from.0 V. to'=1' V. After N20 plasma treatment, we
can see the reduction of leakage current in contrast of no treatment samples. It is
worthy to be noticed that the capacitors treated by 10 sec N20 plasma which has the
best C value also performs a low leakage current about 5.97x10"° A/cm?. In addition,
we find that the leakage currents of 3 min and 5 min treatment are larger then 1min.
But for counterpart, they are not larger then no treatment sample. Relative to the case
of N, plasma, we can see that the level of leakage current increasing obviously
mitigate. It is possibly due to the additional oxidation layer formed by oxygen radical.
The interfacial oxidation layer will let the dielectric thicker to prevent from gate

leakage.

Fig. 3-7 shows the J-V characteristics of p-type HfO, capacitors treated by O,
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plasma with different process time from 0 V to -1 V. All of the samples depict the
presence of the reduction in leakage current. It is indicated that there are not only the
effect of improving interface quality but also another effect to suppress the leakage
current in the case. According to the discussion about Fig. 3-3, we know that the
growth of interfacial oxide layer will decrease the C value. Now the interfacial layer
introduces a hard barrier to suppress leakage current. Consequently, the leakage
current all displays a lower value including the capacitor treated by O, plasma for 5

min even if it is must be damaged by plasma.

Fig. 3-8 shows the J-V characteristics of HfO, gate dielectrics treated with N,
plasma treatment for 1 min, N,O plasma treatment for 10 sec, and O, plasma
treatment for 30 sec. By the compatre of the samples which has the best capacitance in
their own gas, we can realize the most suitable treatment condition which both has the
best capacitance and lowest leakage curtent.It-is showed that the N, plasma treatment
for 1 min is the best one. It is proved:that without thick oxidation layer, it can also

reach the smallest leakage current when there is enough long-time treatment.

3.3 Summary and SIMS profile

In order to deeply realize the effect of the plasma treatment, we take SIMS
( Secondary Ion Mass Spectrometer ) analysis to verify the phenomenon observed
from CV and JV curve. Fig. 3-9 and Fig. 3-10 show the SIMS profiles of different
plasma treatment conditions. Fig. 3-9 shows the counts of Hf-N bonds with different
conditions which are N, for 1 min, N,O for 10 sec, and O, for 30 sec. And Fig. 3-10
shows the counts of oxygen secondary ion. These three samples which show good

electrical characteristic are the best process time in their own gas conditions
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respectively. So we take these three samples to do SIMS analysis. First, from the Fig.
3-9 and Fig. 3-10 the sample of N, for 1 min shows the most Hf-N bonds and the less
oxygen concentration. This explains why the sample of N, for 1 min has the best C
value. Moreover, it is the evidence of the oxidation suppression by N, plasma
treatment compared with no treatment sample. With the proof we can understand why
the sample of N, for 1 min has the best C value and less leakage: the suppression of
oxidation and the Hf-N bonds which appear at the interface fix the interface structure
and strengthen it.

On the other hand, although the sample of N,O for 10 sec shows a mount of
Hf-N bonds at interface, there is still oxidation at interface so that the sample shows
the less C value compared with N, plasma treatment. However, if we take a look at
the sample of O, for 30 sec, we.ean find that the oxidation phenomenon is more
serious so that its C value is the-less.

As a consequence, the Ny, NsO,-and-O, plasma treatment all shows better
electrical properties than no treatment.sample. Furthermore, the N element and O
element all can fix the interface and promote the electrical properties include of CV
curve and JV curve. But for the reason of oxidation caused by oxygen radical, the
N,O and O, plasma treatment samples shows the lower C value. Just because the
oxidation phenomenon, the films will become thicker so that the plasma damage will

not easily effect the leakage current profile.
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Chapter 4
Reliability of AI/HfO2/Si MIS Capacitors

4.1  Hysteresis

The name of Hysteresis was borrowed from electromagnetics. It is means that
when a ferromagnetic material is magnetized in one direction, it will not relax back to
zero magnetization when the applied magnetizing field is removed. It must be driven
back to zero by the additional opposite direction magnetic field. If an alternating
magnetic field is applied to the material, its ‘magnetization will trace out a loop called

a hysteresis loop. [34].

The hysteresis phenomenonis.similar in the C-V curve of the MIS capacitor
device. When we apply a voltage in opposite direction, it will not fit the original C-V
curve measured previously. It is due to the traps of interface which can trap charges to
influence the flat band voltage and C-V curve. [23] Fig. 4-1 shows the hysteresis of
p-type HfO, gate dielectrics treated without plasma treatment. Fig. 4-2 shows the
hysteresis of p-type HfO, gate dielectrics treated with N, plasma treatment for
different process time. Hysteresis of p-type HfO, capacitors are changed with the
increase of plasma treatment time. First, about the case of 10 sec and 30 sec we can
see the hysteresis happened. When the treatment time has achieved Imin, the
hysteresis is suppressed by means of the fixing ability at the interface. Until the time
continues for 3 min the hysteresis becomes worse again and it attributes to plasma

damage.
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Fig. 4-3 shows the hysteresis of p-type HfO, gate dielectrics treated with N,O
plasma treatment for different process time. The tendency of hysteresis is similar with
the case of N, plasma treatment. Fig. 4-4 shows the hysteresis of p-type HfO, gate
dielectrics treated with O, plasma treatment for different process time. It also shows a
likely tendency. As a consequence, the plasma treatment can improve the reliability of
hysteresis for the shorter process time for fear of the plasma damage brought by long
process duration. Among these samples, we can find that the hysteresis of N, plasma
treatment for 1 min is the smallest. Therefore, we can speculate that the quality of
interfacial oxide is not very well so that the charge was be trapped at the interface and

introduce hysteresis.

4.2  Stress Induced Leakage Current (SILC)

In order to investigate the reliability of MIS' capacitor device, the stress induced
leakage current is a common experiment. The machine about SILC is the stress
induced trap density in the bulk in thin film. The trap density introduce new leakage
path. Fig. 4-5 shows the SILC curve of p-type HfO, gate dielectrics treated with N,
plasma treatment for different process time. After the stress of constant voltage ( 1V )
for 30 second, the gate leakage current become larger then before. The degree of
leakage current degradation can be judged for the reliability of MIS capacitor. From
Fig. 4-5, it displays the improvement of SILC compared with no-treated capacitor.
Second, it is considered that the SILC of 1 min-treated sample which has the largest C
value and the lowest leakage shows a very small degradation. On the other hand, it is
also can be noticed that the SILC of 3 min-treated sample become worse due to the

plasma damage.
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Fig. 4-6 and Fig. 4-7 display the SILC curve of p-type HfO, gate dielectrics
treated with N,O plasma treatment and O, plasma treatment respectively. They all
show the distinct improvement as long as they are treated with plasma treatment. So
the plasma treatment including of N, N,O, and O, as source gas can intensify the
reliability of devices to suppress SLIC. Fig. 4-8 shows the SILC compare of HfO,
gate dielectrics treated with N, plasma treatment for 1 min, N,O plasma treatment for
10 sec, and O, plasma treatment for 30 sec. The sample treated by N, plasma
treatment for 1 min shows the smallest SILC degradation because of it’s best

improvement of interface quality.

4.3 Constant Voltage Stress (CVS)

To study the reliability of HfQ, film, stressing the film with a constant voltage or
a constant current are two common methods.—The machine about CVS is the charge
trapping by the interfacial trap density. which is caused by stress for long time.
Furthermore, the mount of charges cause more interface trap density and from new
leakage path to add leakage. In our experiments, we use constant voltage stress (CVS)
to test the reliability of HfO, film. Fig. 4-9 shows gate current shift of p-type HfO,
gate dielectrics treated with N, plasma treatment for different process time as a
function of stress time during Vg = 1 V CVS stress. From the condition of 10 sec to
Imin, the current shift is smaller and smaller. Then the current shift begins to become
great by the damage of plasma at the process time of 3 min. Fig. 4-10 shows gate
current shift of p-type HfO, gate dielectrics treated with N,O plasma treatment for
different process time as a function of stress time during Vg = 1 V CVS stress. It has
similar behavior about the trend. Fig. 4-11 shows gate current shift of p-type HfO,

gate dielectrics treated with O, plasma treatment for different process time as a
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function of stress time during Vg = 1 V CVS stress. While the 30-sec treated sample
presents the lowest current shift, the 1-min treated sample become to be destroyed by
the plasma damage. Fig. 4-12 shows the CVS compare of HfO, gate dielectrics
treated with N, plasma treatment for 1 min, N,O plasma treatment for 10 sec, and O,
plasma treatment for 30 sec. It is verified that the sample using by N, plasma

treatment for 1 min has the best quality of thin film.

4.4  Charge to Breakdown ( Qgp )

Another important issue of reliability is to investigate the breakdown behavior of
the gate dielectrics. As long as we inject.large number of charge by the stress at
constant voltage or constant cutfent forra lefig périod, we can find the breakdown
profile and calculate the count of Qgp.

Fig. 4-13 shows the charge-to-breakdewn characteristics ( Qpp ) of p-type HfO,
gate dielectrics treated with N, plasma treatment for different process time. The
charge to breakdown characteristics was measured at a constant current of -1 Alem’.
As we respect, the capacitor treated for 1 min shows the larger Qpp and it means that
the capacitor more hardly begins to breakdown. Fig. 4-14 shows the charge-to
breakdown-characteristics ( Qpp ) of p-type HfO, gate dielectrics treated with N,O
plasma treatment for different process time. Although the capacitor treated for 10
second shows the largest Qgp, the capacitor treated for 1 min has become degradation.
Fig. 4-15 shows the charge-to-breakdown characteristics ( Qpp ) of p-type HfO, gate
dielectrics treated with O, plasma treatment for different process time. Like CVS
curve, the capacitor treated for 30 sec shows the best characteristics compared to other

process time. And then, we try to compare the three plasma treatment process of
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different source gas. Fig. 4-16 shows the charge to breakdown characteristics ( Qgp )
of p-type HfO, gate dielectrics treated with N, plasma treatment for 1min, N,O for 30
sec, and O, for 30 sec. It is indicated that the sample of N, plasma has larger Qgp then
that of other plasma treatment. We thought that it is because of well structure of

interface fixed by N, plasma for a long time.

Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis, we performed the post-deposition plasma treatment
to enrich the HfO, film quality. The plasma treatment conditions are N> N>O, and O,
plasma for 10 sec, 30 sec, 1 min, 3 min, 5 min individually. Several important

phenomena were observed and summarized as follows.

First of all, improvement in the electrical characteristics of AlI/HfO,/Si MIS
capacitors using plasma treatment has been demonstrated in this work. ALL of the
plasma treatment can promote the electrical characteristics and reliability until the
plasma damage happened. Among these treatments, the sample using N, plasma for 1
min represents a fairly great improvement, such as good capacitance ( 50%

increasing ), reduced leakage current ( 2 order reduction ). It is showed that the
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formation of interfacial layer has been suppressed and the weak structure of interface
has been repaired by N, plasma respectively. With the analysis of SIMS profile, it can
be demonstrated. Besides, the sample treated by N; plasma for 1 min also shows an
excellence promotion about reliability issue, such as smaller hysteresis ( < 1 mV ),
less SILC, better CVS curve, and larger Qgp. These advancements were ascribed to

the good interface quality.

On the other hand, the N,O and O; plasma treatment also provide a good effect
on electrical characteristics although most samples are still worse than that of N,
plasma treatment. The reason is that the samples using N,O and O; plasma treatment
will introduce oxygen bonding to from additional interfacial layer so that the
capacitance will be decreased. But for another.hand, the thicker oxidation layer
becomes a good resistance against.leakage eurrent-even if the plasma damage has
begun to occur. Therefore, we can find thatthese samples show lower leakage current
at the process conditions of 3 min and 5 min“even if their capacitance has been

seriously degraded by plasma damage.

Finally, in this thesis, the point we focus on is the improvement of capacitance.
The treatment of N, plasma for 1 min is the best condition because the capacitance has
50% increasing. Simultaneously, its reliability also represents a excellent progress.
The most suitable way for post -deposition treatment by plasma to improve electrical

characteristics on MIS structure is observed

5.2 Future work

In this experiment, the HfO, film was deposited by sputter and furnace system. In
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the future, the ALCVD ( Atomic Layer CVD ) system will become another important
deposition technology. Further experiment and analysis are required to clarify if the
treatment condition is also suitable for ALCVD film. On the other hand, the MOSFET
will be fabricated by the same treatment condition to verify the effect on device

characteristics, such as mobility, subthreshold swing, and transonductance.

References

[1] Max Schulz, “The end of the road for silicon,” Nature, Vol. 399, pp. 729, 1999.

[2] S. —=H. Lo, D. A. Buchanan,.Y. Taur;W.-Wang, “Quantum-Mechnical Modeling

of Electron Tunneling Cutrent from the Inversion Layer of Ultra-Thin Oxide

nMOSFET’s,” IEEE Electron Device Lett.; Vol.-18, pp.209, 199

[3] G. D. Wilk, R. M. Wallace, et. al., “High-k gate dielectrics: current status and

materials properties consideration” J. Appl. Phys., Vol. 89, No. 10, pp. 5243,

2001.

[4] J. Robertson, J. Vac. Sci. Technol. B 18, pp1785, 2000.

[5] Robert M. Wallace, IRPS Tutorial, IRPS, 2004.

[6] K. J. Hubbard and D. G. Schlom, J. Mater. Res. 11, 2757 , 1996.

28



[7] Baohong Cheng, Min Cao, Ramgopal Rao, Anand Inani, Paul Vande Voorde,
Wayne M. Greene, Johannes M. C. Stork, Zhiping Yu, Peter M. Zeitzoff, Jason
C.S. Woo, “The Impact of High-k Gate Dielectrics and Metal Gate Electrodes on
Sub-100 nm MOSFET’s”, IEEE Transactions on Electron Devices, Vol. 46, No. 7,

July, 1999.

[8] C. T. Liu, “Circuit Requirement and Integration Challenges of Thin Gate

Dielectrics for Ultra Small MOSFET’s”, IEDM Tech. Dig., p.747, 1998.

[9] S. P. Muraka and C. C. Chang, Appl. Phys. Lett. 37,639, 1980.

[10] M. Balog, M. Schieber,M. Michman, and S. Patai, “Chemical vapor deposition
and characterization of HfO2 films from organo-hafnium compounds,” Thin Solid
Films, vol. 41, pp. 247-259,-1977.

[11]J. Robertson, “Band offsets of' wide-band-gap oxides and implications for future

electronic devices,” J. Vac. Sci. Technol. B, vol. 18, pp. 1785-1791, 2000.

[12] K. J. Hubbard and D. G. Schlom, “Thermodynamic stability of binary oxides in

contact with silicon,” J. Mat. Res., vol. 11, pp. 2757-2776, 1996.

[13] M. Balog et al. Thin Solid Films, ~01.41, 247, 1977.

[14] K. Onishi, C. S. Kang, R. Choi, H.-J. Cho, S. Gopalan, R. Nieh, S. Krishnan, and

J. C. Lee, “Effects of high-temperature forming gas anneal on HfO, MOSFET

performance,” in VLSI Tech. Dig., pp. 22-23, 2002.

29



[15]J. Robertson, J. Vac. Sci. Technol. B 18, pp1785, 2000.

[16] B. Tavel, X. Garros, T. Skotnicki, F. Martin, C. Leroux, D. Bensahel, M. N.
Se’me’ria, Y. Morand, J. F. Damlencourt, S. Descombes, F. Leverd, Y. Le-Friec,
P. Leduc, M. Rivoire, S. Jullian and R. Pantel: Int. Electron Device Meet. Tech.

Dig., p. 429, 2002.

[17] C. H. Choi, S. J. Rhee, T. S. Jeon, N. Lu, J. H. Sim, R. Clark, M. Niwa and D. L.

Kwong: Int. Electron Device Meet. Tech. Dig., p. 857, 2002.

[18] S. Pidin, Y. Morisaki, Y. Sugita, T. Aoyama, K. Irino, T. Nakamura and T. Sugii:

Symp. VLSI Tech. Dig., p. 28.,.2002.

[19] J.-P Han, E. M. Vogel, E.-P. Gusev,-Energy Distribution of Interface Traps in

High-k Gated MOSFETs”, VLSI, 2003.

[20] S. Zafar, A. Callegari, E. Gusev and M. V. Fischetti: J. Appl. Phys. 93, 9298,

2003.

[21] L.Pantisano, E.Cartier “Dynamics of Threshold Voltage Instability in Stacked

High-k Dielectrics: Role of the interfacial Oxide”, VLSI, 2003.

[22] W. Y. Loh, B. J. Cho, M. S. Joo, M. F. Li, D. S. H. Chan, S. Mathew

and D. L. Kwong: Int. Electron Device Meet. Tech. Dig.,

p. 38.3.1, 2003.

30



[23] Hokyung Park, M.Shahriar Rahman, Man Chang, Byoung Hun Lee, Rino Choi,”
Improved interface Quality and Charge-Trapping Characteristics of MOSFETs
With High-k Gate Dielectric”, IEEE Electron Device Letters, VOL. 26, NO. 10,

October, 2005.

[24] Christopher C. Hobbs, Leonardo R. C. Fonseca,” Fermi-Level Pinning at the
Polysilicon/Meal Oxide Interface-Part 17, IEEE Electron Device Letters, VOL.

51,NO. 6, June, 2004.

[25] H.-H Tseng,Y. Jeon, P. Abramowitz, T.-Y. Luo, “Ultra-Thin Decoupled Plasma
Nitridation (DPN) Oxynitride Gate Dielectric for 80-nm Advanced Technology “,

IEEE Electron Device Letters,.VOL. 23, NO. 12, December, 2002.

[26] Seiji Inumiya, Katauyuki Sekine; Shoko-Niwa, Akio Kaneko, Motoyuki Sato,”
Fabrication of HFSION Gate Dielectrics-by Plasma Oxidation and Nitridation,

Optimized for 65 nm node Low Power CMOS Applications 7, VLSI, 2003.

[27] Satoshi Kamiyama, Tomonori,” Improvement in the uniformity and the thermal

stability of Hf-silicate gate dielectric by plasma-nitridation”, IWGI, 2003.

[28] Katsuyuki Sekine, Seiji Inumiya, Motoyuki Sato, Yoshitaka Tsunashima,
“Nitrogen Profile Control by Plasma Nitridation Technique for Poly-Si Gate
HfSiON CMOSFET with Excellent interface property and Ultra-low Leakage

Current”, IEDM 03-103

[29] T. Nabatame, K.Iwamto, H. Ota,” Design and Proof of High Quality HfAIO

31



Film Formation for MOSCAPs and nMOSFETs through Layer-by-Layer

Deposition and Annealing Process 7, VLSI, 2003.

[30] T. Watanabe, M. Takayanagi, “ Design Guideline of HfSiON Gate Dielectric for

65 nm CMOS Generation 7, VLSI, 2003.

[31] Katsuyuki Sekine, Yuji Saito, Masaki Hirayama, “Highly Robust Ultrathin
Silicon Nitride Films Grown at Low-Temperature by Microwave-Excitation
High-Density Plasma for Giga Scale Integration”, IEEE Electron Device Letters,

VOL. 47, NO. 7, JULY, 2000.

[32] Yoshitaka Nagasato, Tomo Jeno, “Novel Eabrication Process for HfO, Thin

Film for Gate Dielectric”, The Japan Society of Applied Physics.

[33] Wai Shing Lau, Thiam's Siew _Tan,”~ Nathan P. Sandler, Barry S.
Page,“Characterization of Defect States Responsible for Leakage Current in

Tantalum Pentoxide Films for Very-High-Density Dynamic Random Access

Memory (DRAM) Applications”, Jpn. J. Appl. Phys., Vol.34, pp.757-761, 1995.

[34] HyperPhysics, C.R Nave Georgia University, 2002.

32



Table

33



Year qf Production

2011

DRAM ¥ Pirch {nm) (contacied)

40

MPLASTC Meral 1 (M1} 32 Pirch
(mm){contacted)

40

MPU Physical Gare Length (nm)

18

Lg: Physical Legeg for High Performance logic
fmm) [I]

32

16

EOT: Equivalent Owide Thickness  [2]

Esxtended planar bulk (&)

12

UTB FD (&)

DG ()

Gate Paly Depletion and Inversion-Layer Thickness [3]

Extended Flanar Bulk (A}

7.3

7.4

7.4

UTB FD (&)

DG (4)

ETaiar: Elecmical Equivalenr Ovide Thicknezz in inverzion  [4]

Extended Planar Bulk (4)

19.3

18.4

18.4

UTB FD (4)

DG (A)

e timie. Meimum gare leakage current densify

[&1)

Esctended Flanar Bulk (A/em’)
FDSOI (A/em’)

DG{.-:L'E‘J.\J:":' : 02 7.36E+02 8.4GE+(

1.86E+02(5.36E+02|8.00E+02 K12 =71 DE+{13 GE+03 2.00E+03 2.4 03

Vagw Power Supply Peltage (T} [o]

IEEEEEE R

Vg Saturation Threshold Poltage [7]

Extended Planar Bulk (m\")

195

166

165

160

UTE FD (V)

169

DG (mV)

I leqk Sowree/Dhrain Subthreshold Off-Stare Le

akage Current  [8]

Extended Planar Bulk (uA/ )

0.06

015

0.2

0.2

0.22

UTE FD (uA um)

047

DG (p A pm)

0.28

I e effective NMOS Drive Currenr [4]

Extended Planar Bulk (uA/ )

1020

1130

1200

UTE FD (A pm)

DG (pAfum)

Mobility Enkancement Factor for Ig e [10]

0.32

0.34

Extended Flanar Bulk

1.09

1.09

1.10

1.10

1.12

1.11

UIB FD

1.06

1.06

1.06

1.06

1.05

1.05

DG

1.05

1.04

1.05

Effective Ballistic Enhancement Facior [11]

Extended Planar Bulk

UIB FD

1.1

D&

1147

1.25

1.1

Table 1-1 High-performance Logic Technology Requirements Roadmap.

(ITRS : 2005 updae )
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Material|SiO,|SisNJALL,O4HFOJZrO,|La,O4Ta,O4TiO,|Pr,0O4SrTiO;
Kvalue|[39|71| 9 | 25129 | 30 | 26 |95 | 31 | 200
Bandgap| 9 [53| 88| 6 |58 6 |44 |31]42| 33
(eV)
Eiq 10| 15 138 6.7 | 57| 56 | 3.7 |25 34 | 2.2
(|\/|V/Cm)|

Table 1-2 Characteristics of various high-k materials.
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Figure-chapter 1

i
3 Onide thickness (nm}

Gate cxde thickness (nm)
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|:| i i ii i
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Techrology penamtions [nm)

i

In 193:{. a gale oride
was 25 allean atame thick,

-

-

In 2012, & gate o de will
ba fiva silicon atoms thiok

%

Fig. 1-1 With the marching of technology nodes, gate dielectric has to be shrunk and

five silicon atoms thick of gate dielectric is predicted for 2012.[1]

10?
10° | nMOSFET
1 02 | Measurement

— Simulation

Gate Current Density (A/cm?)

Toue®
15

|II|IIIIIIIIi

2 3

Gate Voltage (V)

Fig. 1-2 Measured and simulated I,-V, characteristics under inversion condition for

nMOSFETs. The dotted line indicates the 1A/cm” limit for the leakage

current. [2]

36



1.E+04 T T .
lt‘\ 1 1
| I ]
i
Wi\ ]
pla';_s? Bulk k\ f T
X
Jg.5Im[SICN) N
1.E+03 Ll 8
o
.:"-""\L =
— ¥ \:i LA
= : :
S SN 4
= Jgoim \ > . ECT, DG
- - = Y
* h_ = ‘_ - - = - =
1.E+02 # [EoT. TOSTT 4
.I'l|| %
Fil [ B
f’ [T suk— ™ High-k needed
{ beyond this
4 crossover point = 2
1.E+01 1]
20035 2007 2009 2011 2013 2015 2017 2019

Calendar Year

Fig. 1-3  Jglimit versus Jg,simulated'for High=Performance Logic( ITRS: 2005

update )
1LE+04 Qe 14
Zﬁvlz’l:ﬂ, planar bulk |
] I — -
", Jg.timit for SiON, T 12
\\ planar bulk i
1.E+03 - | T
A = =2 | 10
- | EOT, UTB FD | _
4 [
NE oy | ¢ I 8
2 1.E+02 L N
: r z '!" \“\. ir“\. ﬁ
71 - — X [
- = VX EoT,DG [T
i \ \ ™\ !
Ao / \ Jy simulatea fOr SION, planar bulk | 4
==
T 2
/ High-k needed beyond this 3
[If crossover point C
1.E+00 + f L f — 0

Cale

ndar Year

2005 2007 2009 2011 2013 2015 2017 2019

v) 103

Fig. 1-4 Jglimit versus Jg,simulated for Low Operating Power ( ITRS: 2005

update )
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Fig. 1-5 Jglimit versus Jg,simulated for Low Standby Power ( ITRS: 2005
update )
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Fig. 1-6 Power consumption and gate leakage current density comparing to the

potential reduction in leakage current by an alternative dielectric

exhibiting the same equivalent oxide thickness [3].
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Fig. 1-7 Several high-k gate dielég‘tric nidf%riaisfwithl their bandgaps and dielectric

constants.[15] : L " : =
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Figure-chapter 2

1. Initial RCA cleaning.

2. DC magnetron sputtering hafnium 20 A.

J
"1
i
i P i 1

02 'ag'.‘&';ient at 400 ‘C for 15 minutes to

1

3. Thermal oxidize hafnium in ﬁil‘in‘gc'e_"""iﬁ an

L 1Lk

from HfO, film.
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4. Plasma treatment with N», N,O, or O, plasma for 10 second, 30 second, 1 minute, 3

minute, or 5 minute respectively

5. Thermally evaporate 5000 A aluminum as top electrode.

6. Mask : define top electrode and then wet etch undefined Al and HfO; films.

7. Strip backside native oxide and coat 5000 A aluminum as bottom electrode.

Fig. 2-1 The fabrication flow of this experiment
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R.P

Fig. 2-2 The ICP plasma system that was used in this experiment.
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Figure-chapter 3
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Fig.3-1 The capacitance-voltage (C-V) characteristics of HfO2 gate dielectrics treated

with N, plasma treatmefit for different process;time.
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Fig.3-2 The capacitance-voltage (C-V) characteristics of HfO2 gate dielectrics treated

with N,O plasma treatment for different process time.
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Fig.3-2 The capacitance-voltage (C-V)characteristics of HfO2 gate dielectrics treated

with O, plasma treatment for different process time.
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Fig.3-4 The capacitance-voltage (C-V) characteristics of HfO, gate dielectrics treated
with N, plasma treatment for 1 min, N,O plasma treatment for 10 sec, and O,

plasma treatment for 30 sec.
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Fig. 3-5 The J-V characteristics of p-type HfO,.capacitors treated by N, plasma with
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different process time from 0 'V to -1 V.
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Fig. 3-6 The J-V characteristics of p-type HfO, capacitors treated by N,O plasma with

different process time from 0 V to -1 V.
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Fig. 3-7 The J-V characteristics of p-type HfO,.capacitors treated by O, plasma
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Fig. 3-9 The counts of Hf-N bonds with different conditions which are N, for 1 min,
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Figure-chapter 4
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Fig. 4-1 The hysteresis of p-type HfO; gatedielectrics treated without treatment
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Fig. 4-4 The hysteresis of p-type HfO, gate dielectrics treated with O, plasma
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Fig. 4-5 The SILC curve of p- type Hf02 gate dlelectrlcs treated with N, plasma

treatment for different process tlme

® .“7‘ o
.‘.‘...“‘.“
®ee, . N,O Plasma treatment
*teee, SILC afer CVS at -1 V for 30 sec
See, —m—10 sec
%o —e—10sec SILC
‘\. —4-—-30sec
\‘ —v—30sec SILC
.:.OOO.".Oo...... 0000 \ 1 min
EEREEEEEEEEE - 0000ee, \ —<—1 min SILC
R, e, \ No Treatment
.y ., o Treatmen
u N —e— No Treatment SILC
XYYV YYVyyyyy i T &
1«Imxummxmx‘;,m,v,, =2,
A
4444 \V\
1N
“:\AVA
[ " [ " [ " [ i PR
0.8 0.6 0.4 0.2 0.0
Gate Voltage (V)

Fig. 4-6 The SILC curve of p-type HfO, gate dielectrics treated with N,O plasma

treatment for different process time.
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treatment for different process time.
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Fig. 4-8 The SILC compare of HfO, gate dielectrics treated with N, plasma
treatment for 1 min, N,O plasma treatment for 10 sec, and O, plasma
treatment for 30 sec.
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Fig. 4-9 The gate current shift of p-type HfOj5 gate dielectrics treated with N,
plasma treatment for différent process-time as a function of stress time
during Vg =1V CVS stress.
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Fig. 4-10 The gate current shift of p-type HfO, gate dielectrics treated with N,O
plasma treatment for different process time as a function of stress time
during Vg =1V CVS stress.
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Fig. 4-11 The gate current shift of p-type Hf®, gate dielectrics treated with O,

plasma treatment for different process time as a function of stress time

during Vg =1V CVSsstress.
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Fig. 4-12 The CVS compare of HfO, gate dielectrics treated with N, plasma

treatment for 1 min, N,O plasma treatment for 10 sec, and O, plasma

treatment for 30 sec.
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Fig. 4-13 The charge-to-breakdown characteristics¢ Qgp ) of p-type HfO, gate

dielectrics treated with N, plasma treatment for different process time.
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Fig. 4-14 The charge-to-breakdown characteristics ( Qgp ) of p-type HfO, gate

dielectrics treated with N,O plasma treatment for different process time.
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Fig. 4-15 The charge-to-breakdown characteristics¢ Qgp ) of p-type HfO, gate

dielectrics treated with O, plasma treatment for different process time.
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Fig. 4-16 The charge to breakdown characteristics ( Qgp ) of p-type HfO, gate

dielectrics treated with N, plasma treatment for Imin, N,O for 30 sec, and
O, for 30 sec.
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